ABSTRACT: Aedes aegypti (L.) mosquitoes preferentially oviposit in natural and artificial receptacles where their eggs are able to withstand drying as water levels fluctuate. Desiccation-resistant eggs also increase the potential for establishment in non-native habitats while providing logistical impediments to control programs. Viability and mean survival times of eggs stored under three dryness conditions for up to 367 days were investigated among three field-derived colonies of Australian Ae. aegypti to understand variation in desiccation survival. Further investigations compared egg survival between an established colony and its wild counterpart. Our results confirmed that Ae. aegypti eggs can withstand desiccation for extended periods of time with approximately 2-15% egg viability recorded after one year and viability remaining above 88% under all conditions through 56 days. Intraspecific variations in egg survival times were recorded, suggesting local adaptation while each of the colonies demonstrated a consistent preference for higher humidity. Egg volume varied between the populations, suggesting a relationship between egg volume and survival time, with the marginally larger eggs (Charters Towers and Innisfail) having greater desiccation resistance over the range of conditions. The strong survivorship of Charters Towers eggs in dry, warm conditions demonstrates the adaptive significance of a desiccation-resistant egg. Journal of Vector Ecology 40 (2): 292-300. 2015.
INTRODUCTION
Mosquito-borne arboviruses are a cause of global concern. In Australia, Aedes aegypti mosquitoes are vectors of dengue (DENV), while the transmission of chikungunya virus (CHIKV) is also a potential risk (van den Hurk et al. 2010) . Populations of Ae. aegypti are found globally in tropical and sub-tropical environments but distribution in Australia is currently limited to north Queensland. This containerbreeding mosquito is well adapted to urban environments due to its preference for ovipositing in both natural and artificial water-filled receptacles, in which the nature of seasonally fluctuating water content leads to exposure of the eggs to drying conditions. Desiccation resistance has been explored in Ae. aegypti, with eggs surviving up to eight months (Meola 1964) .
Comparative egg survival studies on five mosquito species of the Aedes subgenus Stegomyia, conducted under identical conditions of 25° C and 88% relative humidity (RH) revealed interspecific variations. Aedes albopictus and Ae. aegypti egg survival times differed significantly, confirming interspecific variations in desiccation resistance, suggesting a degree of plasticity in the trait. When compared with the survival times of other Stegomyia species, Ae. aegypti eggs were more effective at withstanding prolonged desiccation across a greater range of humidities, as low as 42% RH (Sota and Mogi 1992) . Similarly, when stored under a variety of conditions, Florida strains of Ae. aegypti had low egg mortality, independent of storage conditions up to 60 days, after which time temperature and humidity strongly influenced egg survival. Conversely, Ae. albopictus egg survival was strongly associated with temperature and humidity even within the first 30 days of storage (Juliano et al. 2002) .
Intraspecific variations in desiccation resistance have also been recorded for Ae. aegypti. When eggs collected from two different regions in Dar es Salaam (Tanzania), Buguruni and Msasani, were stored under the same laboratory conditions (25°C and 80% RH), the survival rate of the Buguruni Ae. aegypti eggs was up to 28% higher than those collected from Msasani (Trpis 1972) . When stored at 100% RH, more than 92% of Ae. aegypti eggs survived for six months at 21° C and 90% of eggs survived eight months at 15.5° C. There was less than 60% survival over six months at the lower and higher temperatures of 10 and 26.6° C (Meola 1964) . Intraspecific variation in desiccation resistance indicates heritability in the trait likely driven in part by local selective pressures, reliant on environmental influences.
The influence of both rainfall and drought on the population dynamics of container-breeding mosquitoes has been demonstrated (Kingsolver 1979 , Lounibos 1981 , Mogi et al. 1988 ) and spatial patterns of co-existing mosquito species further reflects environmental constraints. The hotter, drier urban regions of southern Florida were found to have greater Ae. aegypti abundance, which was further evident during the early wet season, while the abundance of Ae. albopictus was higher during the late wet season (Reiskind and Lounibos 2013) . Similar patterns in the habitat segregation of the two species have been recorded in North America (Costanzo et al. 2005 , Rey et al. 2006 ) and South America (Braks et al. 2003) , and experimentation has revealed the contributing factors to habitat segregation and competitive displacement between these two species appear to be larval advantage for Ae. albopictus and greater desiccation resistance of Ae. aegypti eggs. This confirms the potential of a non-competing life stage in influencing population dynamics through interspecific variations and differential egg mortality (Juliano et al. 2002 , Costanzo et al. 2005 .
Survival times of mosquito eggs appear to be reliant not only on relative humidity, but more specifically, the saturation deficit of the ambient air. This measure of atmospheric moisture takes the temperature-dependent water-holding capacity of air into account. The comparative desiccation studies by Sota and Mogi (1992) revealed eggs of the various Aedes species had higher survival rates at low saturation deficits and decreased survival rates at higher saturation deficits. The importance of saturation deficit on mosquito vectors is reflected in simulation modeling by Focks et al. (1993) , who found that high humidity is correlated with high rainfall and temperature, resulting in favorable conditions for the development and survival of mosquitoes and effective replication of the viruses they may carry. Distributions of dengue have been further related to mean temperature and precipitation (Juliano et al. 2002) .
Aedes aegypti adults have exhibited evolutionary change in response to desiccating conditions (Machado-Allison and Craig 1972), suggesting the potential for abiotic induction of local adaptation in eggs. With the egg desiccation resistance and larval cold tolerance discussed as the key traits responsible for constraints on the distribution of Ae. aegypti in Australia, biophysical modeling has suggested a potential range expansion as a result of climate change (Kearney et al. 2009 ). An understanding of the extent of Ae. aegypti intraspecific egg-desiccation resistance may allow further refined modeling and additionally provide greater insight into the current Australian and global distributions of the species, vector competence, and the intraspecific heterotic potential of more desiccation-resistant forms in the context of climatic stress or change.
The egg stage in the mosquito life history can impact interspecific competition, community composition, and population dynamics and is also considered a limiting factor in the distribution of Ae. aegypti mosquitoes. Knowledge regarding intraspecific egg variations between populations of Ae. aegypti will assist in discerning the seasonality of the species which may aid in determining the proper timing of insecticide or eradication programs. The ability of a species to establish itself in a non-native habitat is enhanced by a desiccation-resistant life stage enabling long-distance transport (Juliano and Lounibos 2005) , and thus an understanding of the desiccation resistance of Ae. aegypti is also important in considering biosecurity measures. This information could also be applied to gain further insight into other invertebrates capable of desiccation resistance.
We explored egg survival of Australian populations of Ae. aegypti under various saturation deficits in an attempt to determine the plasticity or limitations of the trait and its potential local adaptability to environmental pressures. Sota and Mogi (1992) also correlated egg survival with mean egg volume in Asian populations of Stegomyia mosquitoes, suggesting morphological bases for the egg desiccation resistance trait. Therefore, egg length and width measurements were also obtained allowing comparison of estimated egg volume.
MATERIALS AND METHODS

Egg origin selection
Eggs were collected from three laboratory colonies with biotope origins in northern Queensland sites: Innisfail, Charters Towers, and Cairns. The climatic conditions of the sites differ and are broadly representative of the current climatic range occupied by Australian Ae. aegypti. The Charters Towers population is also known to have some degree of genetic isolation from Cairns and Innisfail populations (Endersby et al. 2009 , Endersby et al. 2011 . While Ae. aegypti mosquitoes are known to thrive under laboratory conditions, colonization may result in altered behavior or physiology (Lorenz et al. 1984) , therefore Cairns wild-type eggs were also obtained to allow comparison with eggs from the Cairns laboratory colony. As the three regions of colony origin differ in average temperature, rainfall, and humidity, so too do the saturation deficits of the local conditions. Therefore, to replicate the conditions of the natural range of Ae. aegypti in Australia, markedly different saturation deficits were produced within desiccation chambers, in which eggs were stored for predetermined durations before determination of egg viability. To allow comparative assessment, conditions of colony origin were determined by accessing annual climate statistics (Australian Bureau of Meteorology, www.bom.gov. au). Furthermore, climatic conditions for two temperate climate locations outside of the Ae. aegypti range were also included as treatments to assess egg survival (www.bom.gov. au).
Aedes aegypti colony establishment
The Ae. aegypti laboratory populations were initially established at the University of Melbourne in May, 2008 (Richardson et al. 2011) prior to colony establishment at the University of South Australia in 2009. At the time of egg collection, the colonies had experienced approximately 60 generations. The Cairns wild-type colony was maintained for one generation, obtained from wild-caught adult mosquitoes (using carbon dioxide-baited Encephalitis Virus Surveillance (EVS) light traps set overnight) and eggs reared from field ovitraps located in the Cairns suburbs of Machans Beach, Manunda, Edge Hill, and Cairns North.
The laboratory and wild-type colonies were maintained at 28 to 30° C, 70 to 90% RH, and a 12:12 (L:D) photoperiod. Adults were provided with 15% sucrose solution in water and a human blood meal at least once a week. Damp filter paper was provided as an oviposition substrate and eggs were collected within 12 h of laying by removal of the filter paper, and stored within sealed zip-lock bags within the laboratory for a minimum of 48 h for complete embryonation. After removal from the zip-lock bags, batches of eggs (mean = 51 ± 9 eggs) were obtained from the filter paper by cutting small pieces of the paper, eggs in situ, and storing them in 30 ml disposable plastic medicine cups.
Desiccation chamber conditions
Five saturation deficits were produced in order to subject mosquito eggs to a range of potential dryness conditions, varying from temperate to tropical. The choice of conditions (temperature and humidity combining to provide a particular saturation deficit) was guided by the following principles: 1) to portray the range of climates in which Ae. aegypti is currently found in Australia, and 2) to portray temperate climates that this species may colonize in the future. The temperatures and relative humidities selected for chamber conditions were determined from the annual average values for the following locations: Innisfail (exemplar warm-very wet climate), Cairns (warm-wet), Charters Towers (warm-dry), Adelaide (cooldry), and Sydney (cool-wet).
These conditions (Table 1) were simulated within desiccation chambers constructed of a 2.1 liter plastic container (27.5 x 20.5 x 6 cm) with removable lid and internal steaming rack (Décore Tellfresh® Microsafe® food storer, Scoresby, VIC, Australia) on which the egg batches were stored within their cups. Saturated salt solutions were applied under the steaming racks within the desiccation chambers to achieve appropriate relative humidities (Winston and Bates 1960) , and the chambers were stored within temperature controlled cabinets (TCC; Adelab Scientific, Thebarton, SA, Australia) at specific temperatures to replicate each origin with standard photoperiod of LD 12:12 h. The saturated salt solutions were monitored and maintained regularly. The saturation deficit (SD) for each condition was calculated to determine the evaporation capability of the air within the desiccation chamber using the following expression: e w -e = e w (1 -(U/100)) where e is the vapor pressure for a given volume of air; e w is the saturation vapor pressure of the volume at a given temperature; and U is relative humidity (Bodas 1926) .
Egg volume measurements
The length and maximum width of ten eggs from each batch used in the desiccation studies was obtained using a photographic microscope and software (Nikon SMZ1000: NIS -Elements BR 3.1) at 100x magnification. The measurements obtained allowed calculation of mean egg volume using the approximation of a prolate spheroid (Hawley 1985) calculation:
One-way analysis of variance (ANOVA) followed by Tukey's post-hoc analysis was performed using GraphPad Prism version 6.01 (GraphPad Software Inc., San Diego, CA, U.S.A.) to determine variations between egg volumes of each population.
Egg viability and survival probability analysis
At pre-determined time points of 0, 7, 14, 21, 56, 84, 105, 253, and 367 days, individual egg batches were removed from the desiccation chambers to determine egg viability. Removal of the egg chorion using sodium hypochlorite results in a transparent eggshell (Trpis 1970 , Rezende et al. 2008 , allowing visualization of the embryo under the microscope (100x magnification). Viability was determined by the presence of clearly visible eyespots, creamy-white embryo color with distinct abdominal segmentation, and a hatching spine. Embryos appearing darker in color and with other viable features absent were counted as 'non-viable' (Campos and Sy 2006) . Probability analysis was determined through logistic regression run in Stata version 11.0 (StataCorp, College Station, TX) using 367-day viability data. Percent viability for each mosquito species and population was also calculated for each saturation deficit condition, at each time point.
Mean survival time analysis
Kaplan-Meier survival estimates and log rank tests were performed using Stata version 11.0 and the mean survival time (days) for each population under each condition was calculated from the mean survival rates (Sota and Mogi 1992 Mean survival time is estimated as the area under the survival estimate curve and is calculated using the entire data range:
where S i is the mean viability at month i. The term (30 • i-15) is based on the assumption that all deaths between month i-1 and i occurred at the median day.
RESULTS
Egg volume
The estimated egg volume (Table 2) was significantly different between all populations (ANOVA, F = 21.11, df = 3,1256, P = <0.0001), except for the Cairns colony and wildtype which were not different (Tukey's P = 0.655). Charters Towers eggs had the greatest volumes, and Cairns colony and Cairns wild-type were of smallest volume.
Egg viability and survival probability analysis
Many Ae. aegypti eggs remained viable for more than a year, with percentage viability ranging from approximately 2-15% at that point (Figure 1 ). Viability at 56 days remained above 88% for all populations under each SD and above 69% at 105 days (Table 3) . Logistic regression analyses for 7,298 eggs revealed both egg population origin and storage conditions (SD) were significant factors in egg survival (P < 0.001 and 0.020, respectively). For each increase in saturation deficit, the odds of death (vs survival) positively increased by a factor of 1.024.
Charters Towers egg viability probability across all saturation deficits differed from Cairns colony egg viability (P = 0.04), notably 367-day viability under SD 10.94 mbar was 12.5% for Charters Towers and 6.1% for Cairns colony eggs. Charters Towers egg viability probability differed from that of Innisfail also (P = 0.0004), with clear variances across all saturation deficits. The best one-year viability rates recorded were for Charters Towers and Cairns wild-type eggs, depending on storage conditions, and overall 367-day survival probability across all conditions was not significantly different between these two groups (P = 0.745). Innisfail egg viability was uniformly low across all saturation deficits ( Figure 1 ) and differed from the viability of Cairns wild-type (P = 0.0002), whereas Innisfail egg viability was lower across all saturation deficits and differed marginally from Cairns colony (P = 0.056). Egg viability probability for Cairns colony and wild-type differed across the saturation deficits (P = 0.042), with the Cairns wild-type eggs having greater viability than the Cairns colony eggs (Figure 1 ).
Mean survival time analysis
Variations in mean survival times were seen between strains (Table 2) with significant variations recorded under saturation deficits 6.88, 10.94, and 13.89 (P = 0.058; 0.004, and 0.059). Eggs typically survived greater than 200 days under all conditions, excluding Cairns colony and wild-type under saturation deficit 13.89, at 187.42 and 184.43 days, respectively, being the lowest mean survival times recorded. Mean survival for these two populations was greatest under SD 10.94 at 229.34 and 229.38 days, respectively. The greatest mean survival recorded across all strains was also recorded under SD 10.94, at 237.05 days, for Innisfail. The highest mean survival for Charters Towers however, was 219.52 days, under SD 6.88. There were no significant differences in egg viability between saturation deficits for Charters Towers (P = 0.479). Mean survival time (days) under SD 13.89 varied between Ae. aegypti from different locations, as did mean egg volume (Figure 2) . 
DISCUSSION
Aedes aegypti eggs from three colonies of Australian origin can withstand drying conditions for extended periods of time with some egg viability recorded after one year. The greatest mean survival rate in this study was 237.1 days recorded for Innisfail colony eggs stored under 56.6% RH at 21.1° C (SD 10.94 mbar). This desiccation tolerance exceeds that previously recorded for Ae. aegypti eggs of Asian origin (Sota and Mogi 1992) , where the greatest survival time of 128.3 days was recorded for eggs stored at SD 3.8 mbar. Tanzanian Ae. aegypti egg viability was as high as 36% after 120 days when stored at 25° C and 80% RH (SD 6.38 mbar) (Trpis 1972) , whereas Australian Ae. aegypti viability was as high as 94.6% (Cairns laboratory colony) after 105 days at the comparable saturation deficit of 6.88 mbar. The increased survival times of the Australian Ae. aegypti populations may reflect local adaptation of the species to the comparatively warmer and dryer climate. However, the former two studies calculated survival based on hatch rate and our calculation, based on egg viability, may over-represent potential hatch rate.
Egg viability of Australian Ae. aegypti remained above 88% under all conditions through 56 days, consistent with mortality data recorded by Juliano et al. (2002) in Florida populations, whereby Ae. aegypti mortality was generally very low through 60 days and independent of storage conditions. The Florida strains experienced greater mortality through 90 days, influenced by environmental conditions with low mortality recorded at or above 55% RH and at or below 24° C. Our results further support the influence of environmental conditions on long-term storage, with egg viability for the Innisfail and Cairns laboratory colonies falling below 70% through 105 days, only for the cohorts stored at SD 13.89. Although this desiccation chamber was maintained below the suggested 24° C threshold, it was the only condition with a relative humidity below 55%, supporting the influence of relative humidity and more specifically, the saturation deficit of the ambient air on egg survival.
Egg viability after several months of storage supports the potential for incursions due to the ability of the eggs to survive long-distance transport (Juliano and Lounibos 2005 (Russell 2009 ). Furthermore, populations of Ae. aegypti with origins in less-challenging environments (Innisfail origin SD 7.19 mbar) maintained high viability of 69% even after 105 days stored under more challenging conditions (SD 13.89 mbar). The ability of populations of Ae. aegypti eggs to withstand conditions of greater saturation deficit than origin conditions further supports the potential for establishment in new habitats due to extended survival time (Christophers 1960, Juliano and Lounibos 2005) . Simulation modeling incorporating these egg survival times may enable more accurate predictions regarding limitations and geographical restraints on incursions during climate changes. Limited variations in survival times were noted between long-term laboratory and recently field-derived strains from the same geographical location. Egg viability probability between Cairns colony and wild-type differed significantly, but the only clear variation in mean survival was recorded under saturation deficit 6.88 mbar, where the colony egg survival was greater at 221.6 days, suggesting adaptation of the colony to warmer and wetter temperatures and thus, plasticity in the egg desiccation-resistance trait. Similarities in survival times and egg viability between Cairns colony and wild-type suggest colonization had resulted in only minor physiological alterations. Consequently, results obtained from Innisfail and Charters Towers colony eggs are likely to be reasonably reflective of the respective wild-type populations.
Variations in Ae. aegypti egg survival times between strains of different Australian origin were recorded, suggesting adaptation of the species to local climatic conditions. The egg viability of Cairns colony was consistent across the conditions with viability only differing between 6.88 and 7.85 mbar, with the greater viability recorded at 6.88 mbar, suggesting this population has adapted to cooler and dryer conditions. Conversely, comparatively between each saturation deficit, Cairns wild-type egg viability was predominantly greater under cooler and wetter conditions. These results suggest Cairns populations of Ae. aegypti would not survive optimally in urban regions of low humidity due to the non-absorbent nature of artificial oviposition substrates. Innisfail egg survival did not increase with decreasing saturation deficit, but rather peaked at 10.94 mbar. The only significant variation in egg survival for this population was recorded between SD 6.88 and 13.89 mbar and, as the ultimate variation between these two conditions was relative humidity, Innisfail egg survival at 6.88 mbar (higher relative humidity) would suggest the population's eggs have reasonable desiccation resistance across a variety of conditions, favoring a wetter environment.
The strong survivorship of Charters Towers eggs in dry, warm conditions demonstrates the adaptive significance of a desiccation-resistant egg. Charters Towers egg survival was consistent under all conditions and differed significantly from (Trpis 1972) and Asia (Sota and Mogi 1992) , further suggesting heritability of the trait and local adaptation. Survival rates for Ae. aegypti mosquito eggs from the three Australian populations showed consistent preference for conditions of higher humidity. Ecological modeling involving Ae. aegypti has previously determined egg survivorship based purely on temperature (Ferreira and Godoy 2014) . However, Australian populations of Ae. aegypti in this study were subjected to conditions of different temperatures in addition to altered humidity. Saturation deficits 6.88 and 13.89 mbar were of comparable temperature (23.5 and 23.2° C) and when the mean egg survival times for each population under these SD are compared, a consistent preference through increased survival times is revealed for the condition of higher humidity (SD 6.88 at 76.4% RH). When stored at a uniform temperature, increased survival rates in Asian populations of Ae. aegypti were recorded with an increase in dryness of geographical egg origin (Sota and Mogi 1992) . Conversely, the intraspecific variations in survival rates of Australian Ae. aegypti are not reflective of a reliance on origin dryness alone. Furthermore, in this study the saturation deficit of egg geographical origin similarly did not determine egg survivorship.
Mean egg survival rates for Australian strains of Ae. aegypti could be potentially greater under natural field conditions. Eggs in this study were stored under conditions reflective of mean atmospheric temperature and humidity, whereas the micro-climates in which some mosquitoes lay their eggs can provide a buffer from the surrounding air conditions. This was demonstrated in studies on Tanzanian Ae. aegypti eggs where survival of those stored in natural field conditions exceeded those stored under constant laboratory conditions (Trpis 1972) . Furthermore, studies on Ochlerotatus albifasciatus by Campos and Sy (2006) revealed the natural micro-climate of the mosquito species reduced the desiccation of the eggs. Layers of dead leaves can protect the eggs from extreme temperatures while providing a humid environment, lowering the overall saturation deficit. The results of our study reveal an increase in mean survival time in response to a reduction in saturation deficit, therefore we predict that mean survival in natural field conditions based on egg viability would exceed those recorded under laboratory conditions. However, egg viability is unlikely to reflect hatching rate under field conditions, therefore fieldbased desiccation resistance hatch-rate studies involving both phytotelmata and artificial receptacles would further increase our understanding of species success in preferred oviposition microclimates between various biotopes.
The eggs of Australian Ae. aegypti mosquitoes vary in size among the three populations analyzed within this study. The results suggest a relationship between egg volume and survival time, with the marginally larger eggs (Charters Towers and Innisfail) having greater desiccation resistance over the range of conditions. However, while the survival times recorded for Australian populations of Ae. aegypti were greater than those reported for Asian populations, the eggs of the latter were of considerably larger volume (Sota and Mogi 1992) . A larger egg size can result in reduced fecundity in adults of the same size (Hawley 1985) and selection for desiccation resistance in Aedes mosquitoes is shown to result in the production of larger eggs by subsequent generations (Sota 1993) , therefore if egg volume is a contributing factor in desiccation tolerance, further adaptations must be necessary in order to maintain selection for desiccation tolerance. As conditions of geographical origin are not definitive factors in driving egg desiccation resistance, it is likely additional factors are determining the extent of intraspecific variation. Chorionic surface structure has been determined as a phylogenetically related feature (Myers 1967) and intraspecific variations in the egg surface structure have been correlated to geographical differentiation of Anopheles mosquito populations (Linley et al. 1993 , Linley et al. 1996 , Lounibos et al. 1999 . Therefore, egg surface structure may also be contributing to drought tolerance.
Interspecific variations in mosquito egg desiccation resistance have previously been recorded and results have been associated with species distribution and population dynamics (Sota and Mogi 1992, Charlwood et al. 2000) , and competitive advantage (Juliano et al. 2002 , Costanzo et al. 2005 . Studies involving additional container-breeding mosquitoes may reveal similar trends in Australian mosquitoes and contribute to the understanding of Australian mosquito ecology and population dynamics.
